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ABSTRACT 

The market for electrically conductive polymers is rapidly growing, and an emerging 
pathway for attaining these materials is via polymer-carbon nanotube (CNT) nanocomposites, 
because of the superior properties of CNTs. Due to their excellent electrical properties and 
anisotropic magnetic susceptibility, we expect CNTs could be easily aligned to maximize their 
effectiveness in imparting electrical conductivity to the polymer matrix. Single-walled carbon 
nanotubes (SWNT) were dispersed in a polyethylene terephthalate (PET) matrix by solution 
blending then cast onto a glass substrate to create thin, flexible films. Various SWNT loading 
concentrations were implemented (0.5, 1.0, and 3.0 wt.%) to study the effect of additive density. 
The processing method was repeated to produce films in the presence of magnetic fields (3 and 
9.4 Tesla). The SWNTs showed a high susceptibility to the magnetic field and were effectively 
aligned in the PET matrix. The alignment was characterized with Raman spectroscopy. 
Impedance spectroscopy was utilized to study the electrical behavior of the films. Concentration 
and dispersion seemed to play very important roles in improving electrical conductivity, while 
alignment played a secondary and less significant role. The most interesting result proved to be 
the effect of a magnetic field during processing. It appears that a magnetic field may improve 
dispersion of unmodified SWNTs, which seems to be more important than alignment. It was 
concluded that SWNTs offer a good option as conductive, nucleating filler for electroconductive 
polymer applications, and the utilization of a magnetic field may prove to be a novel method for 
CNT dispersion that could lead to improved nanocomposite materials. 
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1. INTRODUCTION 

Carbon nano tubes (CNTs) have come to the forefront of nanostructured materials 
research in the past decade, and interest has grown exponentially since the official discovery and 
characterization of CNTs in 1991 [1]. This incredible growth and excitement in CNT research is 
almost solely due to their excellent, inherent properties and physical parameters. Extensive work 
has been done to characterize CNTs, including their exceptional mechanical [2-5], thermal [6-9] 
and electrical characteristics [10-14]. CNTs have also been shown to have extremely high aspect 
ratios (length/diameter), with diameters of one to tens of nanometers and lengths up to the 
micrometer, or even centimeter, scale [14, 15]. These features make CNTs highly useful in a 



wide range of potential applications, such as reinforcement nanofiller, probes, energy storage, 
and various electronic or thermal devices. 

Polymer nanocomposites with CNT filler have been around almost as long as CNTs 
themselves, with Ajayan et al. publishing the first report on this topic in 1994 [16]. The interest 
in this area stems from the fact that polymers offer many desirable qualities, such as toughness, 
space saving, low weight, good surface finish, flexibility, and low cost. Using CNTs as a 
property enhancing nanofiller for a high perfonnance, lightweight composite is one of the 
lynchpins of nanocomposite research. The exceptional and unique properties of CNTs offer a 
great advantage for the production of improved composites, but their utilization within a matrix 
depends primarily on relationships between the matrix and nanoconstituent; specifically the 
particle’s spatial orientation and interactions at the particle interface [17]. 

CNTs have been shown to be a practical polymer reinforcement material for low weight 
structural materials by significantly enhancing the toughness, tensile strength, and modulus of a 
polymer nanocomposite [18-25]. Also, the extreme thennal stability and thermal conductivity 
that CNTs have exhibited make polymer nanocomposites equally as viable for many thermal 
management applications, including as packaging and coatings [6-8, 24-26]. At the same time, 
the electrical behavior of CNTs has been one of the most highly studied areas in all of CNT 
research. Theoretical calculations have shown that the electrical properties of CNTs are very 
dependent upon their structure, or their rolled configuration (i.e. armchair, zig-zag, or chiral) and 
diameter, more specifically [10, 27]. The nanoscale dimensions, one-dimensional strucuture, and 
tubular symmetry of CNTs produce amazing quantum transport effects. Studies have shown that 
individual CNTs can behave electrically as a single molecule and be defined as quantum wires 
[13, 28]. Very high conductive capability (resistivity, R = 10' 8 f2-cm) has been reported [11, 14, 
29]. This is greater than iron or copper (R = 10 6 f2-cm) [30], as well as crystalline graphite (R = 
10' 5 f2-cm) [31]. 

CNTs are naturally highly anisotropic because of their high aspect ratios and strong 
carbon-carbon bonds parallel to the fiber axis. Therefore, it is critical to take advantage of these 
facts by manipulating the nanoscale particle and imparting anisotropy into the system to produce 
the highest-performance nanocomposites. Numerous alignment techniques have been attempted 
to produce this effect, including fiber spinning with drawing [32] and/or with a rotating collector 
[33], shearing [34, 35], plasma-enhanced deposition [36-38], and electric field-induced 
alignment [39, 40]. Another technique that has gained recent attention is magnetic alignment 
[41-44]. 

CNTs have been shown to be highly susceptible to a magnetic field [45-51]. Magnetic 
susceptibility (y) is the degree of magnetization of a material in response to an applied magnetic 
field, and it has been the subject of multiple theoretical predictions with respect to CNTs [46, 
51]. It was found that y has an increasing, linear dependence on CNT diameter. Also, it has 
been detennined that the % is dependent on magnetic field direction and temperature. The 
dependence on magnetic field direction imparts magnetic anisotropy, and therefore CNTs are 
able to align in the presence of a magnetic field [51]. 

The objective of this work was to produce an effective conductive polymer by studying 
the effect of single-wall carbon nanotube (SWNT) inclusion and alignment on the electrical 
conductivity behavior of polymer nanocomposite films. The relevance of conductive polymers 
for antistatic or electrostatic dissipation applications is rapidly growing in the marketplace, and 
this type of research has become increasingly valuable. In a report published by Business 
Communications Company, Inc., the total North American market for electroactive/conductive 



polymers reached 128.5 million pounds valued at $205.3 million in 2003 [52]. These numbers 
are estimated to rise to 745 million pounds at a value of almost $1.6 billion in 2008, representing 
a growth of 9.8% in total volume per year and 15.3% in value per year [52], Previous research in 
the area of CNT alignment and electrical properties has produced promising results. Kimura et 
al. showed an increase in electrical conductivity and dynamic modulus parallel to aligned multi- 
wall carbon nanotubes (MWNTs) when compared to the perpendicular direction in a polyester 
matrix processed with a 10 Tesla magnetic field [41]. Choi et al. presented similar results, 
establishing a 35% decrease in electrical resistivity when an epoxy-SWNT composite was 
processed with a 25 Tesla field [42]. Last, Camponeschi et al. interestingly reported that CNT 
alignment was highly matrix dependent and observed enhancements in an array of property areas 
for an epoxy-based aligned CNT nanocomposite [44], 


2. EXPERIMENTAL 


2.1 Materials 

PET flakes were purchased from Scientific Polymer Products, Inc. (Ontario, NY), while 
HiPco processed SWNTs were acquired from Rice University. 1,1, 1,3,3, 3-Hexafluoro-2- 

propanol (> 99%) (HFP) was purchased from Sigma-Aldrich Co. (St.Louis, MO) to be used as a 
solvent for the PET polymer. 


2.2 Film Preparation 
2.2.1 Randomly-oriented Films 

Polymer and nanocomposite thin films (thickness, t ~ 160 urn) were created using a 
simple solution blending and casting technique. For the nanocomposite samples, SWNTs were 
dispersed in HFP with a Cole-Panner 8892 ultrasonic bath (frequency, v = 42 kHz) for 4 hours to 
assure the dispersion of large SWNT aggregations throughout the solvent. PET flakes (1:10 
PET/HFP) were placed in the HFP-SWNT solution over heat (-75 °C) and continuously mixed 
with a magnetic stir bar until it appeared that the PET was dissolved in the solution. This was 
indicated by a visual lack of flakes and an increase in solution viscosity. Solution casting was 
completed by pouring the solution on top of a glass substrate under a fume hood. A square- 
shaped polydimethylsiloxane (PDMS) barrier (height, h = 859 pm) was used to contain and 
shape the solution and subsequent film. A doctor’s blade was used to level the solution to the 
barrier height. One large film (area, A = 400 cm 2 ) of each sample type was produced. Once the 
solvent had evaporated and crystallization was completed, the film was placed in a Curtin 
Matheson Scientific, Inc. Equatherm vacuum oven at approximately 90 °C to assist in the 
removal of any residual solvent in the film. Figure 2 shows a digital image of various PET films 
which were solution cast with SWNT loadings of 0.0, 0.5, and 1.0 wt. %. 
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Figure 1. Digital image of solution cast PET films of varying SWNT loadings (a) 0.0 wt.% 
SWNT, (b) 0.5 wt.% SWNT, and (c) 1 .0 wt.% SWNT. 


2.2.2 Magnetically Aligned Films 

The aligned films were produced in the same manner as the unaligned films, except after 
the PET-SWNT solutions were poured onto a glass substrate they were subsequently placed in a 
large magnetic resonance imaging (MRI) scanner. Two separate MRI scanners were used, each 
producing different magnetic field strengths. A Siemens Magnetom Allegra was used to produce 
a 3 Tesla magnetic field, while a Bruker BioSpec® was used to produce a 9.4 Tesla magnetic 
field. Figure 2 presents the experimental setup. 



Figure 2. MRI schematic displaying the placement of the samples with respect to the instrument 
and subsequent magnetic field ( B ). 


2.3 Magnetic Alignment Characterization 
2.3.1 Raman Spectroscopy 

Raman spectroscopy was performed with a Renishaw inVia microRaman microscope. 
Raman spectra were obtained each magnetically aligned nanocomposite sample (0.5, 1.0, and 3.0 
wt.% SWNT). The tangential mode, or G-peaks (-1600 cm' 1 ), of these spectra were highlighted 




and analyzed with respect to the degree of SWNT orientation in the films. Each sample was 
measured at different angles with respect to the direction of the magnetic field, with 0 degrees 
corresponding to a direction parallel to the magnetic field and 90 degrees being perpendicular to 
the field. The experimental parameters include using a 785 mn excitation wavelength, a power 
of 0.1 mW, a 50x objective lens, a 20 second accumulation time, and 3 accumulations per 
direction per sample. 


2.3.2 Transmission Electron Microscopy (TEM) 

2 

TEM micrographs were acquired with an FEI Tecnai™ G“ Spirit microscope. Each 
nanocomposite film was microtomed prior to imaging, parallel and perpendicular to the largest 
surface area plane, and micrographs were acquired at various magnifications. TEM was used to 
gather a qualitative understanding of the SWNT alignment. 


2.4 Impedance Spectroscopy 

The AC electrical impedance of the PET-SWNT nanocomposites was measured with a 
Hewlett Packard 4284A Precision LCR Meter at room temperature. Measurements were 
acquired across a frequency range of 20 Hz to 10 6 Hz. Each aligned sample was measured 
parallel to the direction of the magnetic field that was placed upon it during processing. 


3. RESULTS AND DISCUSSION 


3.1 Magnetic Alignment 

Due to their magnetic susceptibility [45-51], it should be possible to place SWNTs in a 
magnetic field and align them in a common orientation parallel to the field direction. Raman 
spectroscopy is a vital tool when attempting to characterize the degree of alignment of SWNTs 
in a polymer matrix. A crucial Raman spectra feature of SWNTs can be found at 1590 cm' 1 . 
This peak is commonly referred to as the tangential mode (TM), or G-peak, and is attributed to 
elongations of the carbon-carbon bonds along the longitudinal axis of the CNT. Therefore, if the 
CNTs are aligned, there should be an increase in the G-peak intensity when they are parallel to 
the polarized laser excitation plane. 

Figure 3 presents the G-peaks of a representative example of an unaligned film. Each 
peak is identical and independent of the measurement angle, which illustrates the isotropic nature 
of the CNTs within the nanocomposite. Figure 4 shows the G-peak intensities for 0.5, 1.0, and 
3.0 wt.% SWNT samples processed under a 3 Tesla and 9.4 Tesla magnetic field at varying 
orientation angles (0 degrees is parallel to the magnetic field and 90 degrees is perpendicular to 
the magnetic field). An additional, higher SWNT concentration sample (3.0 wt.% SWNT) was 
prepared in order to gain a better understanding of the effect that SWNT concentration has on 
orientation. 
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Figure 3. G-peak spectra of an unaligned PET-SWNT nanocomposite film showing the 
independence of the measurement angle relative to the orientation of the SWNTs. 


The spectra (Figure 4) present some very interesting results about the effect of magnetic 
field strength and SWNT concentration on orientation. Both seem to play a very important role 
in completing SWNT alignment. An ideal case (perfect alignment along the direction of the 
magnetic field for 100% of the SWNTs) would produce a Raman spectrum with an intense G- 
peak parallel to the magnetic field (0 degrees), and extremely minute to almost flat (no intensity) 
peaks for every other orientation. 
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Figure 4. G-peak intensities relative to the magnetic field direction (0 degrees = parallel) of 
Raman spectra for samples with varying SWNT loadings and magnetic field processing 
parameters. 
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The G-peak intensity results of this study present incomplete alignment for all three 
SWNT concentrations processed with a 3 Tesla magnetic field, with the primary orientation 
being approximately 30° off-parallel. Also, the peak spacing between each orientation (0° - 90°) 
give a good visual representation of the anisotropy of the SWNTs in the PET matrix. As the 
SWNT concentration increases, there is a decrease in the peak spacing which corresponds to a 
more isotropic behavior. This is most likely caused by increasing restrictions on SWNT mobility 
due to an increase in solution viscosity and nanotube bundling/interactions. Alignment with a 
much stronger magnetic field (9.4 Tesla) supports this idea. Important to note is that a 9.4 Tesla 
magnetic field is able to overcome the obstacles that inhibited complete alignment at a low 
SWNT concentration (0.5 wt.%), while the more isotropic behavior at higher concentrations is 
less prominent. The peak spacing is further apart for the 9.4 Tesla processed samples as 
compared to their 3 Tesla counterparts, which means the higher field strength is able to produce 
more aligned samples at higher SWNT concentrations. This behavior can be visually interpreted 
through digital TEM micrographs showing the extent of SWNT alignment as a function of 
magnetic field strength (Figure 5). 
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Figure 5. TEM micrographs showing the effect of magnetic field strength at a constant SWNT 
loading (3.0 wt.%), but with varying magnetic field strengths of (a) 3.0 Tesla and (b) 9.4 Tesla. 


The micrographs present a qualitative measurement of the effect of magnetic field 
strength on SWNT alignment within a PET matrix. The 3.0 wt.% SWNT sample processed at 3 
Tesla (Figure 5a) shows slight, generalized alignment of the SWNTs while a large quantity of the 
nanotubes are unextended. Due to the manner in which many of the SWNTs in the micrograph 
appear bent but directed towards the direction of the magnetic field, it would seem to indicate 
that the SWNTs were in the process of aligning to the field but were not able to completely 
extend before solidification impeded their motion. The 9.4 magnetic field was strong enough to 
achieve much better SWNT alignment (Figure 5b), while the resistive forces were too great for a 



weaker magnetic field to completely overcome them in the allotted processing time. This 
implies that an adjusted solution-based sample preparation process with slower solvent 
evaporation may yield aligned SWNTs in a 3 Tesla magnetic field. 

Therefore, it appears that magnetic alignment may be a practical technique for 
establishing anisotropy in a nanocomposite system. It can partially occur under magnetic field 
strengths as low as 3 Tesla, with the SWNT concentration and magnetic field strength playing 
important roles in determining the degree of orientation. Though a 3 Tesla magnetic field was 
not able to achieve complete alignment, even at low SWNT loadings, the samples processed at 
this parameter may still prove to be a very effective conductive material. It has been reported 
that complete alignment may not be ideal for enhancing conductivity, due to an increase in void 
space between nanotubes [53, 54]. Straight lines of SWNTs do not agree with the model of an 
interconnecting network that produces percolation. Improving SWNT behavior by taking 
advantage of their anisotropic nature while reducing void space and nanotube-to-nanotube 
distance with only slight alignment (30° off-parallel) could potentially produce the best 
electrically conductive behavior [34, 55]. 

3.2 Electrical Conductivity 

From the impedance spectroscopy data, the electrical conductivity as a function of 
frequency can be determined (Figure 6). By plotting conductivity as a function of SWNT 
concentration, the relative percolation threshold of each sample type was estimated (Figure 7). 
Figure 7 shows the conductivities at 60 Hz as a function of SWNT mass fraction and dependent 
upon magnetic field strength. Based on the conductivity of pure PET material, the addition of 
0.5 and 1.0 wt.% SWNTs approximately produced a 7 order of magnitude increase, while the 
addition of 3.0 wt.% SWNTs in a 3 and 9.4 Tesla magnetic field produced an 8 and 9 order of 
magnitude increase, respectively. Therefore, it can be safely assumed that the percolation 
threshold is approximately 0.5 wt.% SWNT. This value agrees satisfactorily with previous 
values observed in other polymer-CNT nanocomposite studies [53, 56-61], 

Also shown in Figure 7 are the relative applications for these materials based on their 
conductive behaviors. It is noticeable that at 0.5 wt.% SWNT, the conductivity of the samples 
exceeds the antistatic and electrostatic dissipation conditions, but electromagnetic interference 
(EMI) shielding (~ 1 O' 4 S/cm) would not be possible. Meeting the standards of specific, targeted 
applications is a very important goal of this work. 




Figure 6. Log-log plot of the AC conductivity as a function of frequency for various 
nanocomposite samples. 



SWNT mass fraction (%) 

Figure 7. Log(AC conductivity) as a function of SWNT mass fraction at 60 Hz showing 
dependence on magnetic field strength, and the relative applications based on the values. 


From the results, it was observed that when SWNT concentration reaches 3.0 wt.% there 
is an increase in electrical conductivity and non-dielectric behavior. The simple explanation to 
describe this behavior is to associate it with the increase in filler concentration and conclude that 
more filler material produces a more extensive electron flow network. However, a similar 
increase is not observed when the SWNT concentration reaches 0.5 and 1.0 wt.% for the 
unaligned or aligned samples, and so there must be supplementary details that require 
rationalization. Also, the explanation cannot be directly connected to the creation of a 
percolation network at 3.0 wt.%, because as previously stated, a percolation threshold was 
achieved at no more than 0.5 wt.%. 

The frequency dependent behavior observed at 0.5 and 1.0 wt.% implies the existence of 
large gap distances between conductive particles within the matrix, and thus the formation of 
aggregated SWNT domains. This is synonymous with relatively poor dispersion. This behavior 
is not unusual for SWNTs, because SWNTs express fairly strong self-attraction due to van der 
Waals forces between the nanotubes [62, 63]. The increase in gap distance between domains 
results in a build up of electron flow in the matrix void space. Percolation is ideal, and 
conductivity is maximized, when physical contact exists between the CNTs, but it is not 
absolutely necessary to allow current to flow across a device [64], which occurred in the 0.5 and 
1 .0 wt.% neat samples. 

When the SWNT concentration is 3.0 wt.% and manipulated with a magnetic field, there 
is a dramatic change in the electrical behavior at low frequencies. As mentioned, the change 
cannot be attributed solely to filler concentration. This suggests that the magnetic fields must be 
invoking an effect. If the SWNTs have a tendency to aggregate, then something must be 
inhibiting this aggregation to some extent in the aligned 3.0 wt.% samples, because they display 
a frequency-independent, non-dielectric region at low frequencies (Figure 6). This behavior is 
more prominent (wider non-dielectric range, greater conductivity) for the 9.4 Tesla processed 
sample than for the 3 Tesla processed sample. The increased conductivity and non-dielectric 
range in the 9.4 Tesla sample suggests that the sample has better dispersion. A more dispersed 
sample possesses smaller gaps between conductive particles, which means more electrons can 
easily ‘hop’ between particles and flow across a device. 

How is the improved dispersion and greater electrical conductivity at higher 
concentrations of the aligned samples explained? It cannot be solely due to improved alignment, 
because it has been concluded in the previous section (3.1) that ideal alignment occurs at a low 
filler concentration and a high magnetic field strength. According to the Raman spectra (Figure 
4), the 3.0 wt.% sample processed at 3 Tesla is basically isotropic with respect to the SWNTs. 
The 9.4 Tesla processed sample has slightly better alignment according to the respective spectra. 
Also, there is a almost no difference in the electrical behavior between the aligned SWNTs 
processed at each magnetic field strength of the 0.5 and 1.0 wt.% samples. If the improved 
results had a direct correlation with alignment, then the same improvement observed at 3.0 wt.% 
should be observed at lower concentrations, especially since there is much greater disparity in 
the degree of alignment when comparing the effect of field strength at lower concentrations. 

Therefore, if the explanation cannot be attributed to concentration or alignment alone, 
then the answer may be a combination of these effects. The ability to flow into aggregated 
domains appears to be a problem for samples with lower concentration (0.5 and 1.0 wt.%), 
because there is plenty of void space between SWNTs and their motion is therefore not 
significantly inhibited. This same effect was observed and discussed in the G-peak analysis of 
the Raman spectra to describe the alignment behavior. This may also help to explain the 



dispersion and conductivity improvement shown in the 3.0 wt.% samples. As shown in Figure 4, 
the SWNTs were not able to completely align and overcome the resistive forces that arise with 
increased tube-to-tube interaction and solution viscosity. If this interaction can inhibit motion in 
one plane, then why can it not have the same effect in all others? The 3.0 wt.% SWNT samples 
appear to exceed a ‘density threshold’, where the tendency to flow into aggregated domains is 
counteracted by the lack of void space and freedom to do so. Therefore, the SWNTs, for the 
most part, are forced to remain in a semi-dispersed state, which creates a better network and 
improved conductivity. 

At the same time, the magnetic field is also producing a beneficial effect to the material. 
The 3.0 wt.% sample processed at 3 Tesla is essentially isotropic, and so the electrical 
improvement observed for this sample can be considered almost identical to the improvement 
that would be expected from a 3.0 wt.% sample not processed with an applied magnetic field. 
However, a 9.4 Tesla field is strong enough to invoke an effect, which could be explained with 
either of the following scenarios, or a combination of the two: 

1. The magnetization, or force upon the nanotube, that a SWNT experiences from an 
applied magnetic field reduces the effect of the van der Waals forces that attract the SWNTs to 
each other. It has been reported that weakly bound van der Waals complexes can dissociate in a 
magnetic field through coupling between the Zeeman energy levels [65]. At zero magnetic field, 
van der Waals complexes are stable while an external magnetic field can split Zeeman energy 
levels, and bound states may be higher in energy. This encourages molecular dissociation, and 
the dissociation efficiency increases with increasing field strength. Thus, even though there is 
very little motion due to overcrowding of the SWNTs, any motion that does occur is halted and 
reduced further. This results in a more dispersed sample, and the increase in the non-dielectric 
range and conductivity observed in the results (Figures 6 and 7). 

2. The slight improvement in alignment observed in Figure 4, when comparing the 3.0 
wt.% sample processed at 3 Tesla to the 9.4 Tesla sample, creates a better and more anisotropic 
network, which improves electrical behavior. This same effect is not observed at lower 
concentrations (despite greater alignment), because the distance between the conductive particles 
is too great. Most likely, the effect of the magnetic fields is a combination of this scenario with 
the first scenario. 

Overall, it appears that the most important contributing factors to electrical conductivity 
in a nanocomposite are filler concentration and dispersion. Alignment appears to impart a 
secondary consequence, as long as a ‘density threshold’ has been reached. An interesting finding 
seems to be that a strong enough magnetic field may improve dispersion by disrupting the effect 
of the van der Waals forces and inhibiting SWNT flow. This could prove to be a very important 
attribute to consider for future nanocomposite manufacturing, because developing a method to 
achieve good dispersion of unmodified SWNTs in a polymer could produce unprecedented 
properties. However, questions remain about the effect thresholds and cost effectiveness of such 
a method. 


4. CONCLUSIONS 

Solution casting was effectively employed to produce PET-SWNT nanocomposite films. 
Magnetic fields were employed to produce SWNT alignment within the PET matrix. Raman 
spectroscopy was used to measure the effectiveness of the magnetic fields, and it was detennined 



that the field strength and filler concentration play the most important roles in determining the 
degree of alignment. Low concentration and high magnetic field strength produce the most 
highly aligned samples. The electrical properties of unaligned and aligned film samples were 
investigated by impedance spectroscopy, and it was shown that sufficient conductivity for 
antistatic and electrostatic dissipation purposes can be achieved at concentrations as low as 0.5 
wt.% SWNT. It was also concluded that dispersion and filler concentration have the greatest 
effect upon electrical conductivity, and alignment plays a secondary role. However, it was 
determined that it may be possible to use a magnetic field to improve dispersion, or at least 
produce a more anisotropic network. This could have important implications in future 
applications, and it may prove to be a novel method for achieving good dispersion of unmodified 
SWNTs. 
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